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HIGHLIGHTS 


•  The  water  transport  characteristics  of  the  DFAFC  were  investigated. 

•  The  water  flux  of  DFAFC  increased  with  the  increasing  current  density. 

•  The  water  flux  of  DFAFC  decreased  with  the  decreasing  membrane  thickness. 

•  The  water  transport  characteristics  of  the  DFAFC  differed  from  those  of  DMFC. 
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The  water  transport  characteristics  of  the  passive  DFAFC  were  investigated  to  obtain  a  general  under¬ 
standing  of  the  water  transport  characteristics  through  the  membrane  in  the  DFAFC  in  this  study.  Effects 
of  the  current  density,  membrane  thickness  and  formic  acid  concentration  on  the  water  flux  thorough 
the  membrane  in  the  passive  DFAFC  were  investigated  and  they  were  compared  with  those  of  the  DMFC 
and  the  PEFC.  It  was  found  that  the  water  crossover  through  the  membrane  of  the  passive  DFAFC  linearly 
increased  with  increasing  current  density  irrespective  of  the  membrane  thickness  similar  to  the  DMFC; 
however,  the  water  flux  was  smaller  than  that  of  the  DMFC.  Referring  to  the  effect  of  the  membrane 
thickness  on  the  water  flux,  the  water  flux  from  the  anode  to  the  cathode  increased  with  increasing  the 
membrane  thickness  in  the  DFAFC,  although  it  decreased  with  increasing  membrane  thickness  in  the 
DMFC.  Moreover,  the  water  flux  increased  with  decreasing  fuel  concentration  in  the  DFAFC,  although 
the  water  crossover  in  the  DMFC  was  not  influenced  by  the  fuel  concentration.  From  these  results,  it  was 
found  that  the  water  transport  characteristics  in  the  DFAFC  were  different  from  those  in  the  DMFC. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  formic  acid  fuel  cells,  DFAFCs,  have  received  considerable 
attention  as  an  alternative  power  source  for  electric  portable  devices 
due  to  their  high  power  density  which  is  comparable  to  that  of  the 
PEMFC,  polymer  electrolyte  fuel  cell  operated  with  hydrogen-ox¬ 
ygen,  and  6  times  that  of  direct  methanol  fuel  cells,  DMFCs  [  1  — 3  J. 
Moreover,  it  is  broadly  known  that  the  fuel  crossover  rate  in  the 
DFAFC  is  lower  than  that  in  the  DMFC  [4—7],  On  the  other  hand,  the 
water  transport  characteristics  which  are  a  key  factor  in  stable  and 
efficient  operation  of  a  fuel  cell  using  a  polymer  electrolyte  mem¬ 
brane  in  the  DFAFC  have  not  been  revealed. 
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It  has  been  recognized  that  water  management  is  a  critical  issue 
for  the  performance  and  durability  of  a  fuel  cell  employing  the 
polymer  electrolyte  membrane  because  sufficient  water  content  is 
necessary  to  maintain  the  high  proton  conductivity  of  the  mem¬ 
brane.  On  the  other  hand,  excessive  liquid  water  can  block  the  pores 
of  the  catalyst  and  gas  diffusion  layer  and  may  cause  flooding. 
Typically,  the  water  management  in  a  PEMFC  stands  for  a  balance  of 
water  in  between  membrane  hydration  and  cathode  flooding  [8,9], 
However,  the  problem  is  more  challenging  for  a  DMFC.  Water 
management  in  a  DMFC  refers  to  providing  water  for  the  anode, 
while  preventing  cathode  flooding.  Unlike  the  hydrogen  fuel  cells, 
membrane  hydration  is  not  an  important  issue  in  DMFCs  as  long  as 
water  is  provided  from  the  methanol  solution  [10],  Especially,  when 
the  DMFC  is  operated  in  a  passive  mode  which  does  not  use  a  pump 
and/or  blower  for  supplying  a  fuel  and  oxygen,  the  water  man¬ 
agement  becomes  more  serious  because  the  liquid  water,  which  is 
produced  by  the  cathode  reaction  and  methanol  oxidation  reaction 
due  to  the  methanol  crossover  at  the  cathode,  is  likely  to 
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accumulate  in  the  cathode.  Therefore,  numerous  studies  of  the 
water  transport  characteristics  in  the  PEMFC  [11—13]  and  DMFC 
[14-16]  have  been  carried  out.  On  the  other  hand,  to  the  best  of  our 
knowledge,  there  have  been  no  reports  about  the  water  transport 
characteristics  in  the  DFAFC.  Because  the  DFAFC  does  not  use  water 
for  the  anode  reaction  and  the  high  concentration  of  formic  acid 
shows  a  hygroscopic  property  [17],  the  water  transport  character¬ 
istics  are  likely  to  differ  from  those  in  the  DMFC.  Of  course,  the 
water  transport  characteristics  in  the  DFAFC  are  also  likely  to  differ 
from  those  of  the  PEMFC  because  the  DFAFC  uses  a  liquid  fuel  for 
the  anode.  Therefore,  it  is  necessary  to  investigate  the  water 
transport  characteristics  in  the  DFAFC  and  compare  them  to  those 
of  the  DMFC  and  PEFC. 

This  work  aims  to  achieve  a  general  understanding  of  the 
water  transport  characteristics  through  the  membrane  in  the 
DFAFC.  The  passive  DFAFC  with  the  insertion  of  a  hydrophobic 
filter  (HF)  at  the  cathode  surface  was  used  in  this  study  for  two 
reasons.  First,  the  passive  DFAFC  was  suffered  from  serious 
flooding  [18]  so  that  the  investigation  of  the  water  transport 
characteristics  of  the  passive  DFAFC  is  more  important  than  those 
of  the  active  DFAFC.  Second,  we  demonstrated  that  the  flooding 
could  be  improved  and  the  current  density  was  increased  by 
inserting  the  hydrophobic  filter  at  the  cathode  surface  in  our 
previous  study  [18],  From  this  result,  the  HF  enables  measuring 
the  water  crossover  (WCO)  of  the  passive  DFAFC  over  a  wide 
range  of  current  density.  Using  this  structure,  the  effects  of  the 
membrane  thickness,  formic  acid  concentration  and  current 
density  on  the  WCO  were  investigated  by  measuring  the  WCO 
during  a  2  h  operation.  Two  different  operations  were  conducted 
to  measure  the  water  crossover  in  the  wide  range  of  current 
density:  the  2  h  power  generations  at  a  different  constant  voltage 
with  and  without  HF  and  the  2  h  operations  at  the  same  constant 
voltage  using  a  different  HF  containing  different  amounts  of 
fluorinated  ethylene  propylene  copolymer  (FEP).  Finally,  the 
water  transport  characteristics  were  compared  with  those  of  the 
DMFC  and  the  PEMFC  to  characterize  the  water  transport  char¬ 
acteristics  of  the  passive  DFAFC. 

2.  Experimental 

2.1.  Membrane  electrode  assembly  (MEA)  preparation 

NR  212,  Nafion  115  and  Nafion  117  (Dupont)  were  used  as  the 
polymer  electrolyte  membrane.  In  order  to  activate  the  proton 
conductivity,  the  membranes  were  pretreated  by  sequential 
immersion  in  boiling  solutions  of  3  vol-%  H2O2  for  1  h,  de-ionized 
water  for  1  h,  0.5  mol  l-1  H2SO4  for  1  h,  and  de-ionized  water  for 
1  h,  in  that  order.  Palladium  black  (Alfa  Aesar)  and  platinum  black 
(HiSPEC  1000,  Johnson  Matthey  Fuel  Cells  Co.,  Ltd.)  were  used  as 
the  catalysts  for  the  anode  and  the  cathode,  respectively.  The 
catalyst  inks  were  prepared  by  dispersing  an  appropriate  amount 
of  the  catalyst  in  a  solution  of  de-ionized  water,  isopropyl  alcohol, 
and  5  wt%  Nafion  solution  (Wako  Pure  Chemical  Industries,  Ltd.). 
For  the  anode,  the  Pd  ink  was  coated  on  the  microporous  layer, 
which  was  prepared  with  1  mg  cm-2  of  a  carbon  black  containing 
10  wt%  Nafion  on  the  carbon  cloth  (35%  Teflonized,  ElectroChem, 
Inc.)  to  form  the  electrode.  For  the  cathode,  the  Pt  ink  was  coated 
on  the  carbon  paper  (35%  Teflonized,  ElectroChem,  Inc.)  with  a 
microporous  layer  in  a  similar  manner.  The  catalyst  loadings  were 
6  mg  cm-2  for  Pd,  the  anode,  and  Pt,  the  cathode,  respectively.  The 
ionomer  loadings  of  the  catalyst  layer  were  15  wt%  for  the  anode 
and  10  wt%  for  the  cathode.  The  MEA  was  then  fabricated  by 
sandwiching  the  membrane  between  the  anode  and  the  cathode 
and  hot  pressing  them  at  408  K  and  5  MPa  for  3  min.  The  pro¬ 
jected  area  of  the  electrode  was  4.84  cm2  (2.20  x  2.20  cm). 


2.2.  Cell  structure  and  hydrophobic  filter 

Fig.  1  shows  a  schematic  diagram  of  the  passive  DFAFC  cell  used 
in  this  study.  A  fuel  reservoir,  12  cm3  in  capacity,  was  prepared  in 
the  anode  compartment.  The  MEA  was  sandwiched  between  the 
two  current  collectors,  which  were  plates  of  stainless  steel,  1  mm, 
coated  with  gold,  having  open  holes,  and  a  74%  open  ratio. 

In  some  operations,  the  hydrophobic  filter,  HF,  5,  was  inserted 
between  the  cathode  and  the  cathode  current  collector.  The  HFs 
which  have  different  hydrophobicity  were  prepared  by  coating  a 
carbon  black  layer,  1  mg  cm-2  carbon  black  on  the  carbon  paper 
(35%  Teflonized,  ElectroChem,  Inc.)  with  FEP,  fluorinated  ethylene 
propylene  copolymer,  and  heating  them  to  100  °C  for  1  h.  The  FEP 
coating  was  repeated  several  times  until  the  FEP  content  reached  a 
certain  weight.  Table  1  shows  the  loading  of  the  FEP  and  the  contact 
angle  of  the  HF.  The  contact  angle  was  measured  by  a  contact  angle 
meter  (CA-X,  Kyowa  Interface  Science  Co.,  Ltd.),  and  the  hydropho¬ 
bicity  increased  with  the  increasing  FEP  loadings.  The  projected  area 
of  the  filter  was  4.84  cm2  which  was  the  same  as  that  of  the  electrodes. 

2.3.  Measurement  of  the  power  generation  characteristics 

The  DFAFC  was  operated  in  a  complete  passive  mode,  i.e.,  the 
cathode  was  air  breathing  and  the  fuel  was  supplied  from  the  tank 
to  the  anode  electrode  without  a  pump.  All  experiments  were 
conducted  under  the  room  conditions,  1  atm,  293-298  K.  A  formic 
acid  solution  was  prepared  by  diluting  formic  acid  (special  grade 
reagent,  Wako  Pure  Chemical  Industries,  Ltd.)  with  distilled  water 
(Kyoei  Pharmaceutical  Co.,  Ltd.).  The  current  versus  time,  i—t, 
characteristics  were  also  measured  at  different  cell  voltages,  0.3  V, 
0.4  V  and  0.5  V.  All  the  electrochemical  measurements  were  con¬ 
ducted  using  an  electrochemical  measurement  system  (Hz-5000, 
Hokuto  Denko,  Co.,  Ltd.).  The  entire  cell  weight  and  the  concen¬ 
tration  of  the  solution  were  also  measured  at  the  beginning  and  the 
end  of  the  i-t  measurements  to  calculate  the  formic  acid  and  water 
crossovers  using  the  precision  balance  (GF-600,  A&D  Company, 
Limited).  When  the  cell  weight  was  measured  after  the  i-t  opera¬ 
tion,  water  droplets  were  removed  from  the  cathode  surface  to 
obtain  an  accurate  weight  loss  of  the  fuel  since  the  accumulated 
water  droplet  likely  causes  an  overestimation  of  the  final  cell 
weight.  The  formic  acid  concentration  was  measured  by  gas  chro¬ 
matography  equipped  with  a  TCD  detector  and  a  Porapak  T  column 
(Shimadzu,  GC14-B). 


1 :  Anode  tank,  2:  Current  collector,  3:  Rubber  Sheet 
4:  MEA,  5:  Hydrophobic  Filter,  6:Cathode  cover 

Fig.  1.  Schematic  diagram  of  the  passive  DFAFC  cell. 
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Table  1 

Loadings  of  the  FEP  and  the  contact  angle  of  the  HFs. 

Sample  Loadings  of  the  FEP  Contact  angle  [°  ] 

HF-1.1  1.1  mg  cm~2  148.0 

HF-0.5  0.5  mg  cm~2  138.6 

HF-0  0  mg  cm~2  135.2 


Because  the  anode  performance  degraded  with  the  operation 
due  to  the  catalyst  poisoning,  the  following  regeneration  process, 
RP,  was  conducted.  After  power  generation,  the  formic  acid  solution 
was  replaced  with  fresh  water  and  the  cell  was  swung  to  wash  the 
anode  surface.  This  washing  was  repeated  until  the  residual  cell 
voltage  decreased  to  0.1  V  according  to  the  previous  report  by  Zhou 
et  al.  [19],  The  anode  performance  was  completely  regenerated  by 
this  RP  process  to  the  initial  condition. 

2.4.  Calculation  of  the  formic  acid  and  water  fluxes 

The  average  flux  for  each  of  the  formic  acid  and  water  across  the 
MEA  during  the  i—t  measurement  was  calculated  based  on  weight 
loss  and  a  decrease  in  the  formic  acid  concentration  of  the  solution. 
The  weight  loss,  AW,  which  was  obtained  by  subtracting  the  final 
weight  of  the  remaining  solution  in  the  reservoir  at  the  end  of  the 
i—t  measurement,  We,  from  that  of  the  initial  weight,  Wj,  can  be 
expressed  as  follows: 


AW  =  Wj  -  We  =  A Wcf  +  A Wcw  +  AWrf  +  A Wef  +  AWew  (1 ) 

where  A WCf  and  AW™  are  the  weight  losses  of  the  formic  acid  and 
that  of  water  due  to  the  crossover  from  the  anode  to  the  cathode, 
respectively.  The  AWrf  is  the  weight  loss  of  the  formic  acid 
consumed  by  the  anode  reaction,  and  this  was  calculated  by  inte¬ 
grating  the  area  of  the  i—t  curve  assuming  the  complete  oxidation 
of  formic  acid: 

HCOOH  -►  2H+  +  C02  +  2e  (2) 

as  follows: 

MfA  J  i(t)dt 

AWrf  *£  -  (3) 

where  Mf  is  the  molecular  weight  of  the  formic  acid,  A  is  the 
apparent  electrode  area,  t  is  the  time  of  the  i—t  measurement  and  F 
is  Faraday’s  constant.  AWef  and  AWew  are  the  weight  loss  due  to  the 
evaporation  of  the  solution  and  C02  gas  exhaust  through  the  in¬ 
jection  tube  open  to  the  environment.  However,  it  was  experi¬ 
mentally  confirmed  that  they  were  less  than  1%  of  weight  loss  of 
the  solution  during  the  i—t  measurement,  therefore  they  were 
negligible.  AWcf  and  AWcw  can  be  expressed  as  follows: 


Time[min] 
(a)  V=0.3  V 


Time[min] 
(b)  V=0.5  V 


Fig.  2.  Effect  of  the  membrane  thickness  on  the  current  density  profiles  in  the  oper¬ 
ation  at  constant  voltage,  0.3  V  or  0.5  V,  using  different  membranes. 
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In  this  study,  the  formic  acid  and  the  water  transports  through 
the  membrane  were  considered  to  be  governed  by  the  three 
transport  mechanisms  similar  to  those  in  the  DMFC:  i.e.,  electro- 
osmotic  drag,  diffusion  and  convection.  Hence,  the  formic  acid 
and  the  water  flux  were  expressed  as  follows: 


AWrf  =  (WjWj  -  Wewe)  -  AWrf 


(4) 


Jf  =  Jfeo  +Jfdiff  +Jfc 


(8) 


AWcw  =  AW  -  (WjWj  -  We  We)  (5) 

where  w;  and  we  are  the  mass  concentration  of  the  formic  acid 
solution  in  the  reservoir  at  the  beginning  of  the  i—t  measurement 
and  the  end  of  the  i—t  measurement,  respectively.  Hence,  the 
crossover  flux  of  the  formic  acid,  Jf,  and  that  of  the  water,  Jw,  were 
calculated  as 


Jw  =  Jweo  +  Jwdiff  +  Jwc  (9) 

where  Jfeo  and  Jweo  represent  the  formic  acid  and  water  flux  by 
electro-osmotic  drag,  Jfditf  and  Jwdiff  represent  the  formic  acid  and 
water  flux  by  diffusion  and  JfC  and  Jwc  represent  the  formic  acid  and 
water  flux  by  convection,  respectively.  Note  that  the  positive  flux 
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means  the  flux  from  the  anode  to  the  cathode  and  the  negative  flux 
means  the  flux  from  the  cathode  to  the  anode. 


3.  Result  and  discussion 

3.1.  Effect  of  the  membrane  thickness  on  the  current  profiles  and 
formic  acid/water  flux  through  the  membrane 

Fig.  2  shows  the  effect  of  the  membrane  thickness  on  the 
current  density  profiles  in  the  operation  at  constant  voltage,  0.3  V 
and  0.5  V,  using  HF-0.5.  Except  for  the  case  of  NR  212  operated  at 
0.5  V,  the  performance  degradation  could  be  drastically  improved 
by  inserting  the  HF  similar  to  our  previous  report  [18],  Fig.  3 
shows  the  effect  of  the  average  current  density  and  membrane 
thickness  on  the  formic  acid  and  water  flux  through  the  mem¬ 
brane  during  the  i-t  measurements  shown  in  Fig.  2.  The  formic 
acid  flux  reasonably  decreased  with  the  increasing  membrane 
thickness;  0.0037  mol  m-2  s-1  of  formic  acid  flux  was  obtained  at 
100  mA  cm-2  when  Nafion  115  was  used.  Jeong  et  al.  reported 
that  the  formic  acid  crossover  current  of  a  DFAFC  equipped  with 
Nafion  115  at  current  density  of  100  mA  cm  2  when  6  M  formic 
acid  was  used  was  70  mA  cm-2  which  was  equivalent  to 


Fig.  3.  Effect 
acid  and  the  \ 


Current  density  [mA/cm2] 
(a)  Formic  acid  flux 


Current  density  [mA/cm2] 

(b)  Water  flux 


of  the  average  current  density  and  membrane  thickness  on  the  formic 
water  flux  during  the  i-t  measurement  shown  in  Fig.  2. 


0.0036  mol  m-2  s-1  [7],  Although  the  formic  acid  concentration 
in  this  work  was  slightly  different  from  their  report,  the  formic 
acid  flux  obtained  in  this  study  agreed  with  their  study.  In  the 
case  of  NR  212,  the  formic  acid  flux  was  highest  in  the  three 
membranes,  suggesting  that  the  performance  degradation  which 
occurred  with  NR  212  was  mainly  caused  by  the  formic  acid 
crossover.  Therefore,  the  performance  was  not  improved  by 
inserting  the  HF  because  the  HF  can  only  improve  the  perfor¬ 
mance  degradation  duet  to  the  flooding. 

The  water  flux  linearly  increased  with  the  increasing  average 
current  density  irrespective  of  the  membrane.  The  slopes  of  the  line 
were  nearly  similar  for  each  membrane;  however,  the  water  flux 
increased  with  the  increasing  membrane  thickness.  Especially,  in 
the  case  of  NR  212,  the  water  flux  showed  a  negative  value  under 
120  mA  cm-2.  A  negative  flux  means  that  the  water  was  trans¬ 
ported  from  the  cathode  to  the  anode.  Based  on  Eq.  (9),  the  water 
flux  was  expressed  by  the  sum  of  the  flux  by  electro-osmotic  drag, 
diffusion  and  convection;  therefore,  the  water  flux  by  diffusion  and / 
or  convection  should  be  a  negative  value  because  the  water  flux  by 
electro-osmotic  drag  should  be  a  positive  value.  From  this  point,  it 
was  considered  that  the  water  flux  by  diffusion  and/or  convection 
from  the  cathode  to  the  anode  increased  with  the  decreasing 
membrane  thickness,  resulting  in  a  decrease  in  the  total  water  flux 
with  increasing  membrane  thickness. 

3.2.  Effect  of  the  formic  acid  concentration  on  the  formic  acid  and 
water  crossover 

3.2.1.  Current  density  profiles  for  the  DFAFC  with  the  different  HFs 

Fig.  4  shows  the  effect  of  the  FEP  content  of  the  HF  on  the  cur¬ 
rent  density  at  a  constant  voltage  operation  of  0.4  V  using  different 
membranes.  5  M  and  10  M  formic  acid  were  used  in  the  case  of  NR 
212  and  Nafion  117,  respectively.  In  the  case  of  NR  212  as  shown  in 
Fig.  4(a),  the  drastic  drop  in  the  current  density  within  20  min  could 
be  improved  by  the  HF,  and  the  current  density  after  20  min 
increased  with  the  increasing  FEP  content  of  the  HF  because  an 
increase  in  the  FEP  content,  i.e.,  the  hydrophobicity  of  the  HF, 
promoted  the  exhaust  of  the  water  from  the  cathode  surface  to  the 
air.  Based  on  these  results,  it  was  suggested  that  the  current  density 
of  the  passive  DFAFC  was  restricted  by  the  drainability  of  the 
cathode  surface,  because  the  drainability  must  be  improved  by  an 
increase  in  the  hydrophobicity  of  the  HF.  On  the  other  hand,  the 
current  densities  gradually  decreased  with  time  after  20  min  irre¬ 
spective  of  the  FEP  content.  This  was  due  to  anode  poisoning  [  17,19] 
and/or  a  decrease  in  the  formic  acid  concentration.  Similar  to  the 
case  of  NR  212,  the  current  density  after  20  min  increased  with  the 
increasing  FEP  content  of  the  HF  in  the  case  of  Nafion  117  as  shown 
in  Fig.  4(b).  However,  the  degree  of  the  performance  improvement 
due  to  the  increase  in  FEP  content  was  smaller  than  that  for  NR  212. 
This  was  due  to  the  high  formic  acid  crossover  by  using  a  high 
concentration  of  formic  acid.  In  other  words,  the  performance  was 
not  restricted  by  the  flooding  in  this  case.  This  was  the  reason  why 
the  degree  of  the  performance  improvement  of  Nafion  117  which 
used  10  M  formic  acid  was  lower  than  that  of  NR  212  which  used 
5  M  formic  acid. 

3.2.2.  Effect  of  the  formic  acid  concentration  on  the  formic  acid  and 
water  crossover 

The  effect  of  the  formic  acid  concentration  and  average  current 
density  on  the  formic  acid  and  water  flux,  calculated  for  the  data 
shown  in  Fig.  4,  is  shown  in  Figs.  5  and  6.  Irrespective  of  the  mem¬ 
brane  thickness,  the  formic  acid  fluxes  reasonably  increased  with 
the  increasing  formic  acid  concentration  due  to  the  increase  in  the 
concentration  gradient  of  formic  acid  from  the  anode  to  the  cathode. 
On  the  other  hand,  the  water  fluxes  decreased  with  the  increasing 
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Time  [min] 

(b)  Nafion  117  using  10  M  formic  acid 


Fig.  4.  Effect  of  the  FEP  content  of  the  HF  on  the  current  density  profiles  under  the 
constant  voltage  operation  at  0.4  V  using  different  membranes. 


formic  acid  concentration  irrespective  of  the  membrane  thickness. 
This  would  be  caused  by  the  increase  in  the  water  flux  from  the 
cathode  to  the  anode  by  diffusion.  Therefore,  because  the  use  of  high 
concentration  formic  acid  promoted  the  increase  in  the  water  flux  by 
diffusion  from  the  cathode  to  the  anode  which  results  in  a  decrease 
in  the  total  water  flux  from  the  anode  to  the  cathode,  the  flooding 
could  be  reduced  by  using  a  high  concentration  of  formic  acid. 


3.3.  Comparison  of  the  water  transport  characteristics  in  the 
different  fuel  cells;  DFAFC,  PEMFC  and  DMFC 

In  order  to  characterize  the  water  transport  in  the  DFAFC,  the 
effect  of  the  current  density,  membrane  thickness  and  fuel  con¬ 
centration  on  the  water  flux  in  the  DFAFC  was  compared  with  those 
of  DMFC  and  PEFC.  Table  2  shows  the  operation  and  calculation 
conditions  in  the  reference  paper  and  this  study.  The  DMFC  oper¬ 
ated  in  a  passive  mode  [20],  semi-passive  mode  [21],  active  mode 
[22-24]  and  a  typical  PEFC  operated  at  high  temperature  [25]  and 
an  air  breathing  PEFC  operated  at  low  temperature  [26]  were 
selected  as  a  reference.  Because  some  reports  indicated  only  the  net 
water  transport  coefficient,  a,  the  water  flux  was  estimated  using 
the  following  equations  by  authors: 


a=JfF  (10) 

where  F  is  the  Faraday  constant  and  /  is  the  current  density. 

3.3.1.  Comparison  of  the  relationship  between  water  transport  and 
the  current  density  in  different  fuel  cells 

Fig.  7  shows  the  comparison  of  the  water  flux  in  the  DMFC,  PEFC 
and  DFAFC  employing  Nafion  115.  The  water  fluxes  linearly 
increased  with  increasing  current  density  irrespective  of  the  type  of 
fuel  cell,  hence,  the  slopes  and  the  y-intercept  of  the  line  shown  in 
Fig.  7  are  summarized  inTable  3.  The  water  flux  was  expressed  as  the 
sum  of  the  water  flux  by  electro-osmotic  drag,  Jweo,  diffusion,  JWdiff, 
and  convection  Jwc,  as  shown  in  Eq.  (9),  and  these  could  be  expressed 
by  referring  to  the  water  transport  in  the  DMFC  [23]  as  follows: 


Jweo  =  ^  (10) 

iwdiff  =  DeffC'a5mC|C  (ID 


Current  density  [mA/cm2] 
(a)  Formic  acid  flux 


Current  density  [mA/cm2] 
(b)  Water  flux 


Fig.  5.  Effect  of  the  formic  acid  concentration  and  average  current  density  on  the 
formic  acid  and  water  flux  when  NR  212  was  used.  The  fluxes  at  5  M  were  obtained 
during  the  i-t  measurements  shown  in  Fig.  4(a).  The  fluxes  at  7  M  shown  in  Fig.  3  were 
replotted. 
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Fig.  6.  Effect  of  the  formic  add  concentration  and  average  current  density  on  the 
formic  acid  and  water  flux  when  Nation  117  was  used.  The  fluxes  at  10  M  were  ob¬ 
tained  during  the  i-t  measurements  shown  in  Fig.  4(b).  The  fluxes  at  7  M  shown  in 
Fig.  3  were  replotted. 
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Fig.  7.  Comparison  of  the  water  flux  among  different  types  of  fuel  cells  employing  the 
Nafion  115. 


iwc 


Kp  iPti  ~  P\c) 

[iMw5m 


(12) 


where  a  is  the  electro-osmotic  drag  coefficient  in  the  membrane, 
Deff  is  the  effective  diffusivity  of  water  in  the  membrane,  <5m  is  the 
membrane  thickness,  Cia  and  C\c  are,  respectively,  liquid  water 
concentrations  at  the  anode  and  cathode  surfaces  of  the  mem¬ 
brane,  K  is  the  permeability  through  the  membrane,  p  is  the 
density  of  water,  p  is  the  viscosity  of  liquid  water,  Mw  is  the 
molecular  weight  of  water,  and  pia  and  pic  are,  respectively,  liquid 
water  pressure  at  the  anode  and  cathode  surfaces  of  the  mem¬ 
brane.  From  these  equations,  it  was  found  that  the  slope  of  the 
line,  shown  in  Fig.  7  and  Table  3,  means  the  increment  in  the 
water  flux  due  to  the  increase  in  the  current  density,  mainly  Jweo, 
and  the  y-intercepts  of  the  line  means  the  water  flux  of 
Jwdiff  +  Jwc  because  JWeo  is  zero  at  0  mA  cm-2.  Based  on  these 
aspects,  it  was  found  that  the  slope  of  the  DFAFC,  h-2,  was  similar 
to  that  of  the  DMFC,  a,  c-2  and  e-2  from  Table  3.  This  result 
suggested  that  the  increment  in  the  water  flux  due  to  the  in¬ 
crease  in  current  density  in  the  DFAFC  was  similar  to  that  in  the 
DMFC.  In  the  DMFC,  not  only  an  increase  in  Jweo  but  also  in 
Jwdiff + Jwc  due  to  the  increase  in  the  water  content  at  the  cathode 


in  the  reference  paper  and  this  study. 


Type 

DMFC 

DMFC 

DMFC 


DMFC 

DMFC 


PEFC 


PEFC 

DFAFC 


Anode  condition 


3  M,  passive 

4  M,  1.0  ml  min-1 

1  Mb 

2  M,  2  ml  min-1 
1  M,  Stoichi  3 

H2,  RH  40%,  Stoichi  2 

H2,  dry,  Stoichi  5 
7  M,  passive 


Cathode  condition 

Air  breathing 
Air  flowb 


Air,  RH  =  100%,  Stoichi  3 


3  Surrounding  air  temperature. 
b  Flow  rate  was  not  indicated. 


Temperature 
22-24  “C3 
25  °C3 
70  °C 


70  °C 
70  °C 


70  °C 


Membrane 


Naf  115 
Naf  117 
Naf  112 
Naf  115 
Naf  117 
Naf 112 
Naf  117 
Naf 112 
Naf  115 
Naf  117 
Naf  112 
Naf  115 
Naf  117 
NRE-211 
NR  212 
Naf  115 
Naf  117 


Remarks 

Calculation 

Calculation 


Experiment 


Reference 


[20] 

[22] 


[23] 

[24] 


[25] 
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Table  3 

Slopes  and  intercepts  of  the  line  indicated  in  Fig.  7. 


Type 

Slope  (xlO4) 

Intercept  (xlO2) 

a 

DMFC 

2.67 

-0.04 

c-2 

DMFC 

1.49 

3.45 

e-2 

DMFC 

3.75 

0.008 

f-2 

PEFC 

0.18 

-1.37 

h-2 

DFAFC 

2.72 

-2.38 

and  the  decrease  in  the  water  content  at  the  anode  with 
increasing  current  density  was  reported  [22,23],  Based  on  the 
fact  that  the  slope  of  the  line  for  the  DFAFC  was  similar  to  that  of 
the  DMFC,  the  variation  in  the  water  flux  with  current  density  in 
the  DFAFC  would  be  similar  to  that  of  the  DMFC  as  mentioned 
above.  On  the  other  hand,  the  y-intercepts  of  the  DFAFC  and  PEFC 
showed  a  negative  value  and  these  differed  from  that  of  DMFC, 
which  is  almost  zero  or  a  positive  value.  Considering  the  fact  that 
the  jwc  is  nearly  zero  at  0  mA  cm-2  because  the  pia  and  p\c  were 
almost  equal,  the  Jdiff  for  DFAFC  and  PEFC  showed  a  negative 
value  at  0  mA  cm-2.  In  the  PEFC  referred  to  in  this  study,  the 
relative  humidity  of  the  anode  gas  was  40%  and  that  of  the 
cathode  gas  was  100%;  therefore,  it  can  be  understood  that  the 
water  was  easily  transported  from  the  cathode  to  the  anode  [25]. 
Contrary  to  this,  in  the  case  of  the  DFAFC,  the  water  would  be 
transported  from  the  cathode  to  the  anode  by  the  hygroscopic 
property  of  the  formic  acid  [17,27],  From  these  results,  it  was 
found  that  the  water  transport  behavior  of  the  DFAFC  under  open 
circuit  condition  greatly  differed  from  that  of  the  DMFC,  although 
liquid  fuels  are  used  in  both  types  of  fuel  cells. 

3.3.2.  Comparison  of  effect  of  the  membrane  thickness  on  the  water 
transport  characteristics  in  the  different  fuel  cells 

Fig.  8  shows  the  effect  of  the  membrane  thickness  and  the 
current  density  on  the  water  flux  in  different  fuel  cells,  and  Table  4 
shows  the  slopes  and  the  y-intercepts  of  the  lines  shown  in  Fig.  8. 
Except  for  the  water  flux  of  d-3  shown  in  Fig.  8(b),  the  water  flux 
was  linearly  increased  or  decreased  with  the  current  density. 
Because  the  water  flux  of  d-3  did  not  show  the  linear  dependency 
on  current  density,  the  slope  is  not  indicated  and  the  y-intercept  is 
parenthesized  in  Table  4(b).  Irrespective  of  the  membrane  thick¬ 
ness,  the  slope  of  the  DFAFC  was  similar  to  that  for  the  DMFC  except 
for  d-1,  and  the  y-intercept  of  the  DFAFC  was  lowest  among  the 
three  types  of  fuel  cell.  Although  the  water  flux  of  the  PEFC,  g,  and 
DMFC,  b,  operated  in  the  air  breathing  mode  were  also  shown  in 
Table  3,  the  y-intercept  of  the  DFAFC  is  lowest  among  the  three 
types  of  fuel  cells.  This  result  suggested  that  the  negatively  large 
value  of  the  y-intercept  in  the  DFAFC  was  not  caused  by  the  air 
breathing  operation,  but  by  the  use  of  formic  acid.  Referring  to  the 
effect  of  the  membrane  thickness  on  the  slopes  and  intercepts,  the 
slopes  were  not  influenced  by  the  membrane  thickness  irrespective 
of  the  type  of  fuel  cell,  while  different  behavior  was  observed  in  the 
intercepts.  In  the  DMFC,  the  intercepts  decreased  or  were  nearly 
constant  with  the  increasing  membrane  thickness,  while  the  in¬ 
tercepts  of  DFAFC  and  PEFC  increased  with  the  increasing  mem¬ 
brane  thickness.  This  difference  could  be  caused  by  the  direction  of 
the  Jwdiff*  The  absolute  value  of  Jwdiff  decreased  with  increasing 
membrane  thickness  based  on  Eq.  (11);  hence,  the  Jw  of  DMFC 
decreased  with  increasing  membrane  thickness.  On  the  other  hand, 
in  the  case  of  the  DFAFC  and  PEFC,  because  the  Jwdiff  showed  a 
negative  value,  the  decrease  in  the  absolute  value  of  Jwdiff  caused  a 
positive  increase  in  Jw,  and  the  Jw  of  the  PEFC  and  DFAFC  increased 
with  increasing  membrane  thickness  as  shown  in  Fig.  8.  This  water 
transport  behavior  was  quite  characteristic  of  the  DFAFC,  which 
was  opposite  to  that  of  the  DMFC,  when  the  membrane  thickness 
was  varied.  From  these  results,  it  was  suggested  that  the  flooding 


Current  density  [mA/cm2] 

(a)  Nafionl  12  (c-1,  d-1,  e-1,  f-1),  NRE  211  (g)  and  NR212(h-l) 


caused  by  a  water  crossover  can  be  reduced  by  using  a  thinner 
membrane  in  the  DFAFC. 

3.3.3.  Comparison  of  the  effect  of  the  fuel  concentration  on  the 
water  transport  characteristics  between  the  DFAFC  and  DMFC 
Because  the  fuel  crossover  in  the  DFAFC  was  lower  than  that  in 
the  DMFC,  a  higher  concentration  of  formic  acid  was  used  in  DFAFC 
than  that  in  the  DMFC.  For  this  reason,  a  quantitative  comparison  of 


Table  4 

Slopes  and  intercepts  of  the  line  indicated  in  Fig.  I 


Type  Slope  (xlO4)  Intercept  (xlO2) 


(a)  Nation  112  (c-1,  d-1 

c-1  DMFC 

d-1  DMFC 

e-1  DMFC 

f-1  PEFC 

g  PEFC 

h-1  DFAFC 

(b) Nafion  117 

b  DMFC 

c-3  DMFC 

d-3  DMFC 

e-3  DMFC 

f-3  PEFC 

h-3  DFAFC 


,  e-1,  f-1),  NRE  211  (g) ; 
1.18 
-0.11 
3.84 
0.06 
-0.05 
2.75 


1.91 

1.56 

3.86 

0.18 

2.56 


-0.11 

2.42 

(8.24) 

-0.22 

-1.26 

-1.74 
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the  water  transport  in  the  DFAFC  and  the  DMFC  is  difficult. 
Therefore,  a  qualitative  comparison  of  the  water  transport  in  the 
DFAFC  and  the  DMFC  was  carried  out  in  this  section.  Based  on 
Figs.  5(b)  and  6(b),  the  total  water  flux  from  the  anode  to  the 
cathode  decreased  with  increasing  formic  acid  concentration  irre¬ 
spective  of  the  membrane  thickness.  C.  Xu  et  al.  reported  that  the 
methanol  concentration  below  4  M  had  a  negligible  influence  on 
the  water  flux  through  the  membrane  irrespective  of  passive 
operation  [20]  and  active  operation  [22],  Although  a  relatively  high 
concentration  of  fuel  was  used  in  the  DFAFC,  the  water  flux  through 
the  membrane,  especially  the  y-intercept,  was  influenced  by  the 
formic  acid  concentration.  This  would  be  related  to  the  hygroscopic 
property  of  the  formic  acid.  The  hygroscopic  properties  became 
strong  on  increasing  the  formic  acid  concentration;  therefore,  the 
water  flux  due  to  diffusion  from  the  cathode  to  the  anode  would  be 
increased  with  the  increasing  formic  acid  concentration.  These 
results  indicated  that  the  use  of  a  high  concentration  of  the  fuel  can 
contribute  to  reduction  of  the  water  crossover  through  the  mem¬ 
brane,  resulting  in  the  reduction  of  the  cathode  flooding. 

4.  Conclusions 

The  effects  of  the  current  density,  membrane  thickness  and 
formic  acid  concentration  on  the  water  flux  through  the  membrane 
in  the  passive  DFAFC  were  investigated  to  obtain  a  general  under¬ 
standing  of  the  water  transport  characteristics.  Moreover,  the  water 
transport  characteristics  of  the  DFAFC  were  compared  with  those  of 
the  DMFC  and  PEFC.  The  passive  DFAFCs  with  insertion  of  a  HF 
containing  different  amounts  of  FEP  at  the  cathode  surface  were 
used  in  this  study  to  measure  the  water  flux  over  a  wide  range  of 
current  density.  By  inserting  the  HF  at  the  cathode  surface,  the 
current  density  was  improved  irrespective  of  the  membrane 
thickness,  and  it  increased  with  the  increasing  FEP  content  of  the 
HF  in  2  h  constant  voltage  operation.  By  measuring  the  water  flux 
during  the  2  h  operation,  it  was  found  that  the  water  crossover 
through  the  membrane  of  the  DFAFC  linearly  increased  with 
increasing  current  density  irrespective  of  the  membrane  thickness 
similar  to  that  in  the  DMFC;  however,  it  increased  with  increasing 
membrane  thickness  opposite  to  the  DMFC.  Moreover,  the  water 
flux  through  the  membrane  increased  with  decreasing  fuel  con¬ 
centration  in  the  passive  DFAFC,  although  the  water  crossover  in 
the  DMFC  was  not  influenced  by  the  fuel  concentration.  These 
differences  in  the  water  transport  behavior  were  caused  by  a 


difference  in  the  direction  of  the  water  flux  by  diffusion.  From  these 
results,  it  was  found  that  the  water  transport  characteristics  in  the 
DFAFC  were  different  from  those  of  the  DMFC. 
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